Noble Gases as Environmental Tracers
Noble gases are widely used as conservative tracers in aquatic systems (e.g., Cook and Herczeg, 2000; Kipfer et al., 2002) . Atmospheric noble gases are incorporated into groundwater by exchange between recharge water and soil air within the unsaturated zone. As soon as the water enters the saturated zone and moves away from the water table, gas exchange ceases and the noble gas concentrations are kept by the water as a tracer for the environmental conditions prevailing during infiltration. Because noble gases are conservative and (bio)chemically inert, the atmospheric noble gas concentrations are well preserved in groundwater.
Because the solubility of the noble gases, especially those of the heavy noble gases Ar, Kr, and Xe significantly depend on the water temperature during gas exchange, dissolved noble gases in groundwater can be used for (soil) temperature reconstruction. The noble gas temperature (NGT), i.e., the temperature deduced from the noble gas concentrations in the groundwater sample, is usually identical to the past soil temperature prevailing during infiltration (e.g., Mazor, 1972; Stute and Schlosser, 1993; Klump et al., 2007) . The lower limit of soil temperature which can be reconstructed using NGTs is ∼ 0
• C because no recharge can occur at soil temperatures below freezing point (permafrost conditions). Therefore, NGTs of Pleistocene groundwater usually provide an upper limit on the past minimum soil temperature.
Noble-gas paleo-thermometry is a powerful tool to reconstruct paleotemperatures. Compared to temperature estimates from δ 18 O values, noble gas concentrations provide a more direct measure of the soil temperature prevailing during recharge.
Further information on the physical conditions prevailing during groundwater recharge is recorded in the dissolved atmospheric gas excess which is typical for groundwater samples, and which is called excess air (e.g., Heaton and Vogel, 1981) . Excess air is formed by the partial or complete dissolution of entrapped air bubbles within the quasi-saturated zone under an increased hydrostatic pressure and/or due to capillary pressure driven processes (Holocher et al., 2002 (Holocher et al., , 2003 Mercury et al., 2004; Klump et al., 2007) .
The amount and fractionation of excess air, i.e., its elemental and isotopic deviation from atmospheric air, strongly depend on the hydrostatic pressure acting on the trapped gas bubbles and thus, for example, on the magnitude of groundwater table fluctuations. This in turn depends on recharge dynamics and climatic conditions. In glacial ice air is also entrapped as small bubbles. Therefore, basal melting of the ice under high ambient pressure due to glacial overburden can lead to the formation of exceptionally large amounts of dissolved excess air (Vaikmäe et al., 2001) . Exceptionally large amounts of excess air can thus be viewed -in conjunction with other evidence of Pleistocene groundwater -as an indicator for subglacial meltwater recharge.
Both environmental parameters, NGT, and amount and fractionation of excess air, were calculated using the closed-system equilibrium (CE) model which takes into account fractionated excess air, and yielded the best fit to the measured noble gas concentrations. In the CE model, the fractionation of the excess air is described by the fractionation factor F, which ranges from 0 to 1. Complete dissolution of entrapped air, i.e., unfractionated excess air, is represented by F = 0, whereas fractionated excess air is represented by 0 < F < 1, and no dissolution of entrapped air by F = 1. The CE model parameter q (pressure factor) is the ratio of the dry gas pressure in the entrapped gas phase to that in the free atmosphere and thus, q is a measure of the hydrostatic pressure exerted on the entrapped air. The good correlation between ΔNe and q (Fig. DR2) indicates that ΔNe is an appropriate proxy for the pressure conditions that prevailed during groundwater recharge.
The measured dissolved noble gas concentrations were modeled using NO-BLE90, an error-weighted, least-squares fitting, inverse modeling program (Aeschbach-Hertig et al., 1999) . NOBLE90 solves for parameter combinations (e.g., temperature, initially entrapped air, and fractionation factor) for the selected interpretive model, the CE model in this case, that match measured data within experimental error by minimizing χ 2 , the sum of the weighted squared deviations between the modeled and measured concentrations.
Experimental Methods
The water samples for noble gas analyses were taken from the wellhead tap, filled in copper tubes and pinched to make a gas-tight seal. Care was taken to insure that no entrained bubbles remained in the sample. Noble gas abundances of He, Ne, Ar, Kr, Xe and the isotope ratios 3 He/ 4 He, 20 Ne/ 22 Ne, 36 Ar/ 40 Ar were measured by noble gas mass spectrometry and standard experimental protocols . The samples for stable isotope analysis were collected in polyethylene bottles and analyzed by mass spectrometry at the Stable Isotope Laboratory of the University of Bern.
14 C samples were collected in 50 L bottles, adjusted to pH 10 with NaOH and precipitated by addition of BaCl 2 . Excess supernatant was decanted off to a volume of 1 L. The 1 L samples were prepared and measured by the Radiocarbon Laboratory of the University of Bern.
14 C data for four wells were obtained from D. I. Siegel (unpublished data, pers. comm. A (initial amount of entrapped air), F (fractionation factor), and q (pressure factor) were calculated using the closed-system equilibration model of . The uncertainties of these model parameters are determined from the covariance matrix in the least squares fitting algorithm (Aeschbach-Hertig et al., 1999) . The parameters derived from the inverse modeling were then used to calculate the Ne excess and hence the ΔNe as the difference between the measured total Ne and the calculated equilibrium fraction. (Fontes and Garnier, 1979; Pearson and White, 1967; Tamers, 1967) . It is important to note that all models yield very similar values for A 0 . 
